Only aggregates of hordeum mosaic virus were encountered in cytoplasm of cells fixed in a fixative containing chromate (pH 7-2) and post-fixed in osmic acid. In contrast, hordeum mosaic virus inclusions in wheat leaf cells appeared after glutaratdehyde and osmic acid fixation as aggregates in well-fixed dense cytoplasm, as partly disrupted inclusions, or as loosely occurring virus in incompletely fixed cytoplasm. The results showed that use of more than one fixative in an investigation of plant virus infected tissue is useful for extending and interpreting ultrastructural observations.
INTRODUCTION
Hordeum mosaic virus (HMV) was reported on barley and Agropyron trachycaulum in Alberta, Canada, by Slykhuis & Bell (I966) . The virus has a particle morphology similar to that of wheat streak mosaic virus (WSMV) and readily infects wheat upon manual inoculation with symptoms resembling the mosaic symptoms of WSMV. HMV is not transmitted by the mite vector of WSMV, reportedly, but has a distant serological relationship to WSMV (Slykhuis & Bell, 1966 ) . Brandes & Bercks (1965) have tentatively classified WSMV in the potato virus S (PVS) group because of length of the virus particles and, on this basis, HMV also belongs in the PVS group. Although considerable comparative ultrastructural research has been reported on members of the potato virus Y group (Weintraub & Ragetli, 197o) , little comparative information is available on the ultrastructure of the PVS group. This investigation was initiated to study the ultrastructural relationship of HMV and the wheat cell, to determine if HMV and WSMV could be distinguished from each other at the cellular level, and ifHMV was subject to the same fixation influences as WSMV (Langenberg & Schroeder, 1972) .
METHODS
Virus and host. Hordeum mosaic virus (HMV) was received from I. T. Slykhuis (Ottawa, Canada) and maintained in 'Cheyenne' wheat (Triticum aestivum L.) in a greenhouse at 2o to 25 °C. Mass transfers of virus were regularly made to young wheat by mechanical inoculation with juice from infected plants.
Electron microscopy. Stock chromic acid fixative was prepared by dissolving 87 g K~HPO4 and then 4 g chromic acid in 4oo ml distilled water. The vol. was made to 5oo ml and the pH adjusted to 7"2 by addition of citric acid (~ 3 g). Just before use, I ml of stock fixative was diluted with 9 ml distilled water and o.I ml 37 ~ formaldehyde (stabilized with IO to 15 methanol) added to give a fixative with final molarities of o.oo8 M-chromic acid, o-o 5 Mphosphate, o'o3 M-citrate and o'I3 M-formaldehyde. The dilution effect of o.I ml formaldehyde was neglected. Final pH of this fixative was 7"2.
Greenhouse-grown plants, infected with HMV for 4 to ~o days, were dark-treated overnight to reduce or eliminate starch grains from the chloroplasts. Samples of systemically infected leaves at different stages of expansion were minced under the chromic acid fixative, vacuum-infiltrated and fixed for 22 to 24 h at 3 °C. Tissue was also fixed by mincing under 5 ~ glutaraldehyde (Biological Grade, Fisher Scientific Co., St Louis, Mo.) buffered with o.I M-phosphate-citrate (pH 7"2), vacuum-infiltrated with the fixative and fixed for 3 h at 3 °C and at room temperature (25 °C).
All tissues were washed in four to eight ~5 rain changes with o.r M-phosphate-citrate buffer and post-fixed for ~ h in I ~ osmic acid in the same buffer at the temperature used for prefixation.
Tissues were dehydrated with a cold acetone or alcohol series, transferred to propylene oxide, and embedded in a I : I mixture of Spurr plastic (Spurr, I969) and Araldite 6oo5. Thin sections were cut with a diamond knife, double stained with uranyl acetate and lead citrate (Reynolds, ~963) and examined in a RCA-3G electron microscope at ~oo kV.
Unfixed virus was negatively stained with a 3 : I (v/v) mixture of 2 ~ potassium phosphotungstate, pH 7"o, and I ~ vanadatomolybdate, pH 3"0 (Ball & Brakke, I968) . Negative stain preparations of HMV in freshly expressed juice were photographed, measured, and tabulated to determine the length and width of HMV. The electron microscope was calibrated with a crosslined grating of 58oo0 lines/in.
RESULTS
Hordeum mosaic virus (HMV) is a long, flexuous virus readily detected in negative stain preparations with Brandes' 0957) leaf dip method (Fig. ~) . Virus particles 026 measured) had an average length of 7oi nm (range 690 to 718 nm) and width of I5"5 rim.
Fixation of wheat leaf tissue with the buffered chromate resulted in well-preserved cytoplasm as judged by dense, closely packed ribosomes. In several experiments o.I M-cacodylate buffered chromate fixative (pH 7.2) was used. For unknown reasons cacodylate buffered fixation sometimes (~ in 4) resulted in excessive leaching of cell constituents. With phosphatecitrate buffered fixation leaching was not encountered. In other, non-related, experiments we have also encountered leached tissue after cacodylate buffered fixation of tobacco tissue and onion root tips.
Nuclei were well preserved and stained very dark, with clear separation of nucleoplasm and chromatin (Fig. 2) . Nucleoplasm stained less dense after glutaraldehyde fixation (Fig. 3) . Abundant virus occurred in tightly packed aggregates after chromate fixation. In contrast, virus appeared as loosely packed inclusions or dispersed in the cytoplasm after glutaraldehyde fixation (Fig. 3) . Pinwheels observed in infected tissue were indistinguishable from pinwheel structures described for infections with viruses 700 nm long or longer (Weintraub & Ragetli, I97o) and appeared the same with either fixative. Chloroplasts appeared swollen with both fixatives and were more lightly stained, except for the membrane system that was densely stained, in chromate-than in glutaraldehyde-fixed tissue (Fig. 2, 3 )-Cytoplasm in infected tissue had numerous small vacuoles with both fixation methods. However, after chromate fixation, cytoplasmic vacuoles were irregular in shape (Fig. 2) , whereas after glutaraldehyde fixation they were rounded out (Fig. 3) -Chromate fixation did not show membranes as well as glutaraldehyde fixation, with the exception of chloroplasts. Mito- Fig. I . Negative stain preparation of hordeum mosaic virus in wheat leaf juice. Fig. 2 . Electron micrograph of wheat leaf cell infected with hordeum mosaic virus, fixed in buffered o.oo8 M-chromic acid and post-fixed in osmic acid. Chloroplast (ch), pinwheels (pw), nucleus (NU), and cytoplasmic vacuoles (va). Virus (V) in closely packed aggregates in dense cytoplasm. Fig. 3 . Electron micrograph of wheat leaf cell infected with hordeum mosaic virus, fixed in phosphatebuffered glutaraldehyde and post-fixed in osmic acid. Chloroplast (ch), pinwheels (pw), nucleus (NU), and oval to spherical cytoplasmic vacuoles (va). Virus (V) in loose aggregates in less-dense cytoplasm than with chromic acid fixation. Pinwheel association with endoplasmic reticulum can he seen in the lengthwise-cut pinwheels. Fig. 4 . Electron micrograph of hordeum mosaic virus in a young wheat leaf cell fixed in glutaraldehyde followed by osmic acid. Pinwheel (pw) association with endoplasmic reticulum and ER derived vacuole (arrow). Nucleus (NU). In well-fixed cytoplasm, virus appeared in dense patches and cytoplasmic vacuoles (va) were irregular in shape. chondria, for instance, after glutaraldehyde fixation, had a clear membrane system in a lightly stained matrix, whereas after chromate fixation the membrane system in a darkstained matrix was not as clear. No appreciable differences existed between results of o °C and 2 5 °C fixation in glutaraldehyde.
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Young tissue exhibited fewer differences than older tissue after fixation with the two fixatives. The presence of more cytoplasm and a smaller central vacuole diminished differences and glutaraldehyde preservation equalled chromate fixation in very young tissue. Tissue shown in Fig. 2 and 3 was fully expanded, bearing mosaic symptoms. An example of good fixation of young tissue after glutaraldehyde is shown in Fig. 4 . Cytoplasm exists as densely packed ribosomes, and cytoplasmic vacuoles are irregular in shape. Cytoplasmic vacuoles were possibly derived from the endoplasmic reticulum (ER). The association of a lengthwise-cut pinwheel inclusion and ER is shown at the bottom of Fig. 4 . The enlargement of the ER to a cytoplasmic vacuole is visible (arrow). Association of lengthwise-cut pinwheel incIusions and the ER is also shown in Fig. 3 (pw arrows) . Virus in densely stained, well-preserved cytoplasm occurred only in tight virus aggregates (Fig. 4) . Virus surrounded by well-fixed cytoplasm was more closely packed in inclusions than virus aggregates in incompletely fixed cytoplasm. Virus in glutaraldehyde-fixed tissue was present as a gradient ranging from tight inclusions to loosely scattered virus. Chromate-fixed tissue showed only aggregated virus in well-preserved cytoplasm (Fig. 2) . When virus inclusions were cut crosswise, HMV could be seen to be basically arranged in a hexagonal manner (Fig. 5) if some allowance is made for distortion of the inclusion. Virus particles had a densely staining core and none of the virus particles observed had a hollow core.
DISCUSSION
Differences between chromate-and glutaraldehyde-fixed tissue, similar to those reported for WSMV and tobacco mosaic virus (TMV) (Langenberg & Schroeder, 1972 ) were observed in wheat leaf tissue infected with HMV. Glutaraldehyde failed to preserve the cytoplasm of expanded cells entirely, and fixation results were inferior to those obtained after chromate fixation. The HMV aggregates apparently dispersed as a direct result of partial fixation of the cytoplasm, because in those cells where the cytoplasm was well fixed, tight virus aggregates were encountered similar to those observed in chromate-fixed tissue. The ultrastructural appearance of the HMV aggregates was not sufficiently different from those of WSMV aggregates, that the viruses could be separated on the appearance of their aggregates alone. WSMV and HMV have been reported as differing to such an extent that they could be designated as different viruses rather than related strains of one virus (Slykhuis & Bell, I966).
Fixation differences that could lead to erroneous interpretations of observed results were minimized when chromate was used as a fixative. When only glutaraldehyde was used as the fixative, it produced less dense nucleoplasm and oval to spherical cytoplasmic vacuoles. The latter appear to be artifacts resulting from fixation of the cytoplasm. The same structures, when directly compared with those produced by chromate fixation, were markedly different.
The association of pinwheel inclusions with endoplasmic reticulum has been noted and described for other viruses the same length as HMV, or longer than HMV: parsnip mosaic virus (Murant & Roberts, I971) , maize dwarf mosaic virus (Gardner, I969), and pokeweed mosaic virus (Kim & Fulton, 1969) . We have observed the same with WSMV and maize dwarf mosaic virus. No explanation or conclusion has been attached to the observation, and the relationship of pinwheels and virus remains to be elucidated.
We conclude on the basis of the results described above and those in an earlier report (Langenberg & Schroeder, I972) that more than one fixative should be used to compare the relationship of a plant virus and its host. We suggest that results of a fixative such as glutaraldehyde, which will not fix the cytoplasm of expanded plant cells uniformly, be viewed with caution.
